Highly conducting composites were derived by selectively localizing multiwall carbon nanotubes (MWNTs) in co-continuous PVDF/ABS (50/50, wt/wt) blends. The electrical percolation threshold was obtained between 0.5 and 1 wt% MWNTs as manifested by a dramatic increase in the electrical conductivity by about six orders of magnitude with respect to the neat blends. In order to further enhance the electrical conductivity of the blends, the MWNTs were modified with amine terminated ionic liquid (IL), which, besides enhancing the interfacial interaction with PVDF, facilitated the formation of a network like structure of MWNTs. This high electrical conductivity of the blends, at a relatively low fraction (1 wt%), was further explored to design materials that can attenuate electromagnetic (EM) radiation. More specifically, to attenuate the EM radiation by absorption, a ferroelectric phase was introduced. To accomplish this, barium titanate (BT) nanoparticles chemically stitched onto graphene oxide (GO) sheets were synthesized and mixed along with MWNTs in the blends. Intriguingly, the total EM shielding effectiveness (SE) was enhanced by ca. 10 dB with respect to the blends with only MWNTs. In addition, the effect of introducing a ferromagnetic phase (Fe 3 O 4 ) along with IL modified MWNTs was also investigated. This study opens new avenues in designing materials that can attenuate EM radiation by selecting either a ferroelectric (BT-GO) or a ferromagnetic phase (Fe 3 O 4 ) along with intrinsically conducting nanoparticles (MWNTs).
Introduction
Blending polymers with different physical properties opens new avenues in designing materials with a unique set of properties. In general, due to the low entropy of mixing, 1 most polymer pairs are thermodynamically immiscible. It is generally agreed that specic interactions between the blend components govern their miscibility [2] [3] [4] [5] and ultimately dictate the properties of the blends. Besides the properties of the component polymers, the overall performance of the blends is largely governed by the morphology thus formed by blending. 6, 7 Most oen, matrix dispersed and co-continuous morphologies are observed by mixing two polymers in different ratios. 8 Increasing attention has been paid to co-continuous structures, which offer a unique combination of properties offered by each of the components. 9 An alternate route to develop materials with tailored properties is by incorporating nanoparticles into the polymer matrix. Polymer nanocomposites have drawn considerable research interest over the past decade in view of their signicant improvement in physical, thermal, mechanical and electronic properties of the matrix polymer. In recent years, more focus was laid on designing exible and lightweight polymer based conducting composites for many electronic applications. Among different nanoparticles, carbon nanotubes (CNTs) attracted a great deal of interest owing to their extraordinary combination of properties. 10 The high aspect ratio of CNTs results in a low percolation threshold in polymeric nanocomposites, which makes them ideal candidates for designing and developing conducting composites. 9, 11, 12 However, the key challenge is their efficient dispersion in the matrix polymer and a great deal of research is focused on developing various strategies to render effective dispersion and also to facilitate network-like structures at relatively low concentration in the composites. 10 The CNTs tend to agglomerate due to inter-tube van der Waals' interactions leading to a reduced 'effective aspect ratio'. It is well evident that the electrical conductivity of CNTs largely depends on the 'p-conjugation' and their high aspect ratio. In contrast to chemical functionalization of CNTs, the non-covalent approach preserves the integrity of the nanotubes and hence, the electronic properties. It is envisaged that covalent modication of CNTs affects the band gap even at the Fermi level which deteriorates the electrical properties to a signicant extent. 10 Hence, a great deal of focus is laid on noncovalent modication of CNTs to design materials with high electrical conductivity.
Polymer blends with conducting nanoparticles have drawn considerable interest in the recent past. High electrical conductivity at a relatively low fraction of the nanoparticles in the blends can be achieved by selectively localizing the conducting nanoparticles either in a given phase or at the interface of a co-continuous blend.
9,13-17 Such highly conductive materials were further exploited for many applications such as antistatic devices and EMI shielding materials 15, 16, 18 In the recent past, the use of electronic equipment and telecommunication devices has tremendously increased. As a consequence, electromagnetic interference (EMI) and radio frequency interference (RFI) emitted by these electronic devices are quite alarming. The EM radiation emitted by the electronic devices can interfere with the precise circuitry of the nearby devices leading to adverse effects. [19] [20] [21] [22] In order to avoid serious consequences due to this interference, shielding of the EM radiation in the workspace has become vital. In order to prevent EM pollution, materials that can absorb EM radiation have become extremely important. In this context, metals are the primary choice but they suffer from high processing costs and are prone to corrosion. In this context, polymer based conducting nanocomposites have gained interest owing to their high strength to weight ratio, good processability and structural exibility.
In recent years homopolymer based composites as EM shielding materials have been widely studied. For instance, Singh et al. showed a SE of 22 dB at 18 GHz for linear density polyethylene (LDPE) based composites with 10 wt% MWNTs.
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The total SE of PP nanocomposites with 7.5 vol% MWNTs where a SE of 35.6 dB at 12 GHz has been reported by Al-Saleh et al. 24 In the case of polyurethane (PU) based nanocomposites, Liu et al. showed a total SE of 17 dB for 20 wt% SWNTs. 25 Sharma et al. showed that the EMI SE can be enhanced by using ionic liquid modied MWNTs in PVDF composites. 26 More recently, the use of blends has gained interest. For instance, Rohini et al. showed a SE of 24 dB at 1 wt% NH 2 terminated MWNTs in PS/PMMA blends. 15 Pawar et al. showed a SE of 17 dB in PC/SAN blends at 1 wt% NH 2 terminated MWNTs and a SE of 32.5 dB for the same blends with 3 wt% Fe 3 O 4 -g-MWNTs.
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In this work, various strategies were adopted to attenuate EM radiation. An immiscible pair, PVDF/ABS was selected as the model system and MWNTs were melt blended to design materials with high electrical conductivity. PVDF is an important and widely investigated polymer due to its piezoelectric properties and acrylonitrile butadiene styrene (ABS) is a tert-polymer that nds place in various applications. Recently, the application of ionic liquids (ILs) has shown promising results on structural control of the nanocomposites. 27, 28 ILs are organic salts with low melting points; oen they are liquid at room temperature and present several intrinsic properties, like low volatility, high thermal and chemical stability, insignicant ammability, good thermal conductivity, high ionic mobility and moisture resistance. 29, 30 The imidazolium-based IL presents these properties together with the strong capacity of interaction with carbon based materials. The 'p-p stacking' between the IL and the delocalized 'p-cloud' in MWNTs allows IL to act both as a solvent and surfactant due to the IL's amphiphilic nature.
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These features make IL ideal for exfoliating/stabilizing MWNTs, allowing broader experimental conditions, however, volatile organic solvents have the drawback of limited working temperature ranges. In order to improve the dispersion and facilitate network like structures, the MWNTs were modied with ionic liquid in this study. This is also manifested by a signicant enhancement in the bulk electrical conductivity of the blends. The materials with high dielectric constant and high dielectric loss can shield EM radiation by absorption. In this regard, ferroelectric materials can be an ideal choice as losses in the ferroelectric phase are caused by electric hysteresis effects. We have synthesized a unique material where graphene oxide (GO) was chemically stitched onto barium titanate (BT) nanoparticles, a high dielectric constant material. A few compositions were prepared where this unique material (BT-GO) was incorporated along with MWNTs to attenuate EM radiation.
As mentioned earlier, high electrical conductivity, high dielectric constant and magnetic permeability are the key factors that govern the efficiency of a shielding material. Hence, a careful selection of materials can help in designing materials with enhanced EMI shielding. In light of this, we adopted a unique strategy where a three phase structure involving either a ferroelectric phase (BT-GO) or a ferromagnetic phase (Fe 3 O 4 nanoparticles) in combination with an intrinsically conducting nanoparticle (MWNTs) was used to design lightweight and exible polymeric nanocomposites. The phase morphology, selective localization, electrical conductivity and EM shielding effectiveness were assessed here in various PVDF/ABS blends.
Experimental section
Materials PVDF (Kynar-761, with Mw of 440 000 g mol À1 ) was kindly provided by Arkema. ABS (Absolac 120, with a typical composition consisting of acrylonitrile: 24 wt%, rubber content: 16.5 wt% and styrene: 59.5 wt%) was procured from Styrolution. The pristine multiwall carbon nanotubes (p-MWNTs) with an average diameter and a length of 9.5 nm and 1.5 mm, respectively, were procured from Nanocyl SA (Belgium). BaTiO 3 (BT, average particle size of 100 nm), Fe 3 O 4 nanoparticles (with an average diameter of 50-100 nm), 1-vinylimidazole, 3-bromopropylaminehydrobromide, 3-aminopropyltriethoxysilane (APTS), H 2 O 2 (30% in water), N,N-dicyclohexylcarbodiimide (DCC), dry toluene, and dry N,N-dimethylformamide were procured from Sigma-Aldrich and were used without any further purication.
Synthesis of amine terminated ionic liquid (IL)
In a two-necked round bottomed ask, 1-vinylimidazole (20 ml) and dry ethanol (35 ml) were added and the mixture was stirred under a nitrogen atmosphere. 3-Bromopropylaminehydrobromide (15 g) was then added to the mixture and reuxed under stirring for 24 h. The synthesized amine terminated ionic liquid was then separated by the precipitation technique with the help of ethyl acetate. Finally, ethanol was added followed by overnight vacuum drying.
Preparation of IL modied MWNTs (IL-MWNTs)
MWNTs were modied by the as-synthesized ionic liquid as described in the above section. 32 Typically, 100 mg of MWNTs and 600 mg of the as-synthesized ionic liquid were dispersed in 100 ml of DMF and bath sonicated for 2 h. The resultant mixture was then vigorously stirred at room temperature for 10 h and le overnight for ageing. The mixture was ltered and centrifuged to remove the ungraed IL and nally dried under vacuum at 80 C.
Synthesis of GO
GO was synthesized by mixing graphite akes in a mixture of concentrated H 2 SO 4 and H 3 PO 4 (9 : 1 ratio) in a water bath. KMnO 4 was then added very slowly as described in our previous work. 33 Then the reaction mixture was stirred in a closed reactor for 24 h at room temperature. Aer completion, the mixture was then poured into deionized (DI) water and stirred for 2 h. 35% hydrogen peroxide (5-10 ml) solution was added dropwise to the solution until the color turns bright yellow. The solution was then ltered. The remaining solid material was then washed in succession with DI water, HCl and ethanol. The solid obtained (GO) on the lter was vacuum-dried at room temperature.
Synthesis of BT-GO
BT nanoparticles were dispersed in H 2 O 2 solution and bath sonicated for 15 min. The mixture was then reuxed at 105 C for 4 h. The resulting hydroxylated BT nanoparticles (BT-OH) were then centrifuged and washed with water and kept for drying. The dried hydroxylated BT nanoparticles were then mixed with APTS 34 followed by reuxing at 80 C in an inert atmosphere for 24 h. The resulting mixture was then centrifuged and washed several times with toluene and dried under vacuum. 35 Thus produced amine functionalized BT nanoparticles (BT-NH 2 ) were reacted with GO in dry toluene and in the presence of DCC. Free amine groups of BT-NH 2 react with carboxylic groups of GO forming BT-GO. The amount of GO in the hybrid was maintained as 0.1%. The mixture was centrifuged, washed with toluene and dried under vacuum at 80 C.
Blend preparation
Neat blends of PVDF/ABS (50/50, wt/wt) and with different nanoparticles were prepared using a Haake minilab II under a N 2 atmosphere at 230 C temperature at 60 rpm for 20 minutes.
PVDF/ABS blends with p-MWNTs were also prepared under the same extrusion conditions mentioned above. As described above, ionic liquid modied MWNTs were prepared by a method shown in Scheme 1. The modied MWNTs were then mixed with the blends in a two step mixing protocol. In the rst step, the modied MWNTs were mixed with PVDF in N,Ndimethylformamide followed by evaporation of the solvent. The obtained PVDF/MWNT composites were subsequently melt mixed with ABS in the second step. The total concentration of MWNTs was xed at 1 wt% with respect to the total batch size. The extrusion conditions were kept the same as mentioned earlier. Similar protocols were adopted to incorporate Fe 3 O 4 and BT-GO nanoparticles in the blends. Initially, these nanoparticles were mixed with PVDF in N,N-dimethylformamide followed by solvent evaporation. Thus obtained PVDF nanocomposites were mixed with ABS along with the ionic liquid modied MWNTs under the same extrusion conditions described above. In all the cases the samples were pre-dried at 80 C in a vacuum oven for 24 h prior to processing. Melt mixed samples were subsequently compression molded into specic shapes for different tests at 230 C using a lab scale hydraulic press.
Characterization
Fourier transform infrared (FTIR) spectroscopy was carried out using KBr pellets on a Perkin-Elmer GX in the range of 4000À400 cm À1 with a resolution of 4 cm
À1
. Transmission Electron Microscopy (TEM) images were acquired using a Tecnai G2F30 at 300 kV.
Morphological analysis of various blends was studied using an ULTRA 55 scanning electron microscope (SEM) with an acceleration voltage of 10 kV.
The room temperature electrical conductivity of the blends was studied using an Alpha-N Analyser, Novocontrol (Germany) in the frequency range of 0.1 Hz to 10 MHz. Uniformly polished compression molded disks were used as specimens and the electrical conductivity was measured across the thickness.
In order to study the electromagnetic interference SE in the X and Ku-band frequency range, an Anritsu MS4642A vector network analyzer (VNA) was coupled with a coax (Damaskos M07T) setup. The experimental setup was calibrated by full SOLT for both ports to avoid absorption and reection losses due to the transmission line and sample holder. Toroidal Scheme 1 Synthesis of NH 2 terminated IL and IL-MWNTs.
specimens were compression molded and the S parameters (S 11 , S 12 , S 22 and S 21 ) were measured in a wide range of frequencies.
Results and discussion
Synthesis and characterization of IL-MWNTs and BT-GO Fig. 1(a) functional groups. The NH 2 groups can readily react with the carboxyl (C]O) groups present on the basal planes of GO (see Scheme 2) . The nature of interactions was assessed using FTIR. Fig. 1(b) shows the FTIR spectra of GO and BT-GO nanoparticles. The characteristic peaks of GO such as corresponding to hydroxyl (OH) stretching at 3400 cm À1 , carboxylic stretching at 1730 cm À1 , C]C stretching at 1625 cm À1 , C-OH at 1220 cm À1 and C-O stretching at 1055 cm À1 are well evident from the spectra. Interestingly, the carboxylic stretching at 1730 cm À1 is completely absent in BT-GO indicating the amidation reaction between C]O groups in GO and BT-NH 2 . In addition, the appearance of a new band at 1560 cm À1 corresponding to the N-H bending further conrms the reaction between GO and BT-NH 2 .
The TEM micrographs of IL modied MWNTs and BT-GO are shown in Fig. 2 . The presence of IL as indicated in Fig. 2(a) is well discerned. Such observations were also reported earlier. Selective localization of nanoparticles in the blends and the phase morphology Fig. 4 shows the SEM morphologies of the neat 50/50 (w/w) blends of PVDF/ABS and with different MWNTs. It is important to note that in all cases cryofractured blend samples have been etched with chloroform for 72 h at room temperature, which selectively removes the ABS phase from the blends. It is observed that the neat blends show a co-continuous type of morphology. Upon addition of 1 wt% p-MWNTs there is no signicant change in the morphology, however, aer the removal of the ABS phase the MWNTs are well observed in the remaining PVDF phase. This observation is in close harmony with the thermodynamic predictions and will be discussed later on. In addition, it is observed that the dispersion of MWNTs in the PVDF phase is signicantly changed by the addition of IL modied MWNTs. In the case of p-MWNTs small clusters are observed in the PVDF phase (Fig. 4(c) ) but on addition of IL modied MWNTs, relatively well dispersed MWNTs are noted (Fig. 4(e) ). This observation clearly manifests the role of ionic liquids in facilitating uniform dispersion of MWNTs in the blends. Moreover, the dispersion state of IL modied MWNTs is also well supported by visual observation. For instance, the vial containing a known quantity of p-MWNTs settles quickly aer brief sonication, whereas the IL modied MWNTs suspend quite well even for weeks ( Fig. 2(a) inset vial picture) . In order to further support the selective localization of MWNTs in the blends, solution dissolution experiments were performed. Samples of known amounts were dissolved in respective solvents to completely remove the ABS phase (chloroform) and the PVDF phase (DMF). It is important to note that though DMF is a common solvent to both PVDF and ABS, however, the kinetics of dissolution is quite different. PVDF readily dissolves in DMF, whereas ABS takes a few hours to dissolve. It is quite evident that vial 1 (chloroform) in the inset of Fig. 4 (c) is colorless, whereas vial 2 (DMF) shows a strong black solution indicating that MWNTs preferentially localize in the PVDF phase of the blend. As a general observation, the blends with BT-GO and Fe 3 O 4 showed similar co-continuous structures as seen in neat PVDF/ABS blends (Fig. 4(f) and (g)).
Selective localization of nanoparticles in a given phase or at the interface of a polymer blend can be predicted, a priori, from classical thermodynamics. This is accomplished by knowing the surface free energy values at the melt mixing temperature. By estimating the wetting coefficient (eqn (1)), shown here for the PVDF/ABS/MWNT system as an example, one can predict the localization of particles a priori.
where g T1 , g T2 , and g 12 are the interfacial energies between MWNT/PVDF, MWNT/ABS and PVDF/ABS, respectively. If u 12 > 1, MWNTs would selectively localize in the ABS phase, for u 12 < À1, MWNTs would preferentially localize in the PVDF phase, and for À1 < u 12 < 1, MWNTs would localize at the PVDF/ABS interface. The interfacial tension between the entities can be evaluated using the Owens-Wendt-Rabel-Kaelble (OWRK) equation and Wu's equation. The OWRK equation is oen employed for nonpolar/polar systems and Wu's equation for nonpolar/nonpolar systems. [38] [39] [40] In this study, the OWRK equation (eqn (2)) has been used to calculate the interfacial tension between PVDF and ABS.
where g 1 and g 2 are the surface free energies of PVDF and ABS, respectively. g and u 12 is estimated to be À2.81, which suggest that MWNTs prefer to localize in the PVDF phase of the blend. As a general understanding, nanoparticles which typically have high surface free energy tend to localize in the phase having higher surface free energy in order to minimize the interfacial tension. From the literature and the above calculations, it is well evident that PVDF has higher surface free energy as compared to ABS thereby we expect the other nanoparticles to localize in the PVDF phase similarly to MWNTs. 
Network like structures of MWNTs in the blends facilitated by IL: effect on electrical conductivity
The bulk electrical conductivity in the blends relies solely on the continuous conducting network of the conducting particles. Fig. 5(a) shows the AC electrical conductivity as a function of frequency for PVDF/ABS blends with MWNTs at room temperature. The percolation threshold for rod-like nanoparticles can be predicted by percolation theory (P C ¼ D/2L; D and L correspond to the diameter and length of the ller), which clearly indicates that the percolation threshold (P C ) decreases with increasing aspect ratio of the conducting particles. For both the neat blends and with 0.5 wt% of p-MWNTs, the conductivity increases rapidly with increasing frequency manifesting a typical behavior of an insulator. Interestingly, the addition of 1 wt% p-MWNTs resulted in a six order increment in the AC conductivity, with respect to the neat as well as blends with 0.5 wt% MWNTs. This phenomenal increase in conductivity can be attributed to the gelation of p-MWNTs in the PVDF phase beyond 0.5 wt% MWNTs in the blends. Further, it was observed that the AC electrical conductivity scales with the concentration of the MWNT frequency independent plateau extended to higher frequency. Interestingly, in the presence of 1 wt% IL modied MWNTs the AC electrical conductivity increased further with respect to 1 wt% p-MWNTs and more interestingly represented a similar electrical conductivity to that of 3 wt% pMWNTs ( Fig. 5(a) ). The dramatic increase in the AC electrical conductivity is due to the network-like structure of MWNTs in the PVDF phase facilitated by IL. Blends with Fe 3 O 4 and BT-GO nanoparticles showed more or less similar type of AC conductivity with respect to blend with 1 wt% IL-MWNTs clearly suggesting that the network like structure of MWNTs is largely unaffected by the presence of BT-GO and Fe 3 O 4 ( Fig. 5(b) ). are the real and imaginary part of the complex permittivity. 3 0 and 3 00 depend on the frequency, u in the applied electric eld and can be expressed as,
Due to blending a low k material (ABS) with a high k material (PVDF), the dielectric constant decreases with respect to the neat PVDF. 44 At 100 Hz the 50/50 PVDF/ABS neat blends show an 3 0 of 5. In the presence of 0.1% GO, the 3 0 increases to 6.5.
However, in the presence of BT nanoparticles, it further increases to 9.7. Interestingly, functionalization of BT with GO enhances the polarization further. This is manifested by a signicant increase in 3 0 to 12 in the blends with only 2 vol% BT-GO particles.
Attenuation of EM radiation: effect of BT-GO and Fe 3 O 4
The spectrum of electromagnetic radiation is composed of waves with electric and magnetic components oscillating at right angles to each other. The electromagnetic shielding is a process of limiting the ow of electromagnetic elds between two locations, by separating them with a barrier made of conducting materials. So EMI shielding effectiveness (SE) can be enhanced by different ways in polymer composites. Sometimes attenuation of EM radiation can be done by either addition of conducting nanoparticles to an insulating polymer matrix or with an inherently conducting polymer as the matrix. Materials with high magnetic permeability are also used to attenuate the incident EM radiation. The shielding effectiveness is the amount of attenuation of incident radiation by a particular material and is expressed in dB. There are three mechanisms in shielding, namely reection (SE R ), absorption (SE A ) and multiple reections (SE MR ). The multiple reections can be ignored when SE T is greater than 15 dB. 45 The reection mechanism is prominent in the case of materials containing free mobile charge carriers. In order to reect EM radiation, materials should have high electrical conductivity and mobile charge carriers which can interact with the incident EM radiation. EM radiation attenuated by absorption requires both electric and magnetic dipoles. This absorption loss arises due to generation of eddy currents which is the result of ohmic losses and leads to heating of the material. Owing to the high thermal conductivity of MWNTs, heat generated due to ohmic losses can be dissipated easily through a MWNT network.
The total SE is the summation of shielding by absorption (SE A ), reection (SE R ) and multiple reections (SE MR ) and is expressed as SE T ¼ SE A + SE R + SE MR and is the ratio of EM radiation transmitted through the sample to incident EM radiation
where, E, H and P are transmitted electric, magnetic and electromagnetic power, respectively. Subscripts T and I correspond to transmission and incident parts of the radiation. In a vector network analyser, the EMI SE is represented in terms of scattering parameters which are S 11 , S 12 , and S 21 . The total EMI SE can be evaluated from the S parameter using the following equation,
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SETðdBÞ ¼ 10 log 1 jS 12 j where scattering parameters S 11 , S 12 and S 21 are termed as forward reection coefficient, reverse transmission coefficient and forward transmission coefficient, respectively. As we discussed earlier, the conductivity and network formation of MWNTs are the key requirements to achieve high attenuation of EM radiation. It is well established that by selectively localizing MWNTs in a given phase of the blend, network like structures of MWNTs can be obtained. All the experiments were performed in the X and Ku-band frequency range. These frequency ranges are quite important for commercial applications like TV signal transmission, Doppler, telephone radiation, radar systems, etc. Fig. 6(a) shows the EMI shielding performances of the different blends. It was observed that PVDF/ABS blends with1 wt% pMWNTs show a SE of À16 dB while the neat blends and with 0.5 wt% p-MWNTs are transparent to EM radiation. It is well evident that the blends with insulating characteristics are transparent to incident radiation but conducting networks formed due to the addition of MWNTs beyond the percolation threshold interact with incident rays and account for shielding effectiveness. The EMI SE increased from À16 dB to À23 dB at 18 GHz with increasing concentration of p-MWNTs from 1 to 3 wt%. Interestingly, with the addition of 1 wt% IL-MWNTs the SE is À22 dB at 18 GHz which clearly manifests the key role of ionic liquid in facilitating the formation of an interconnected network structure of MWNTs and attenuating more EM radiation. As we discussed earlier reection, absorption and multiple reection are the mechanisms of shielding, where reection is the primary mechanism and absorption is the secondary mechanism in the case of uniformly dispersed conducting nanoparticles. Aer the addition of 2 vol% Fe 3 O 4 along with 1 wt% IL-MWNTs, there is no significant improvement in the SE whereas we observed ca. 4 dB increment aer the addition of 2 vol% BT-GO particles. Moreover, Fig. 5(c) . 49 A comparison has been made to highlight the effects of BT-GO towards attenuating EM radiation (Fig. 6(d) and Table 1 ). A twisted lm of the blend with 1 wt% IL modied MWNTs and BT-GO is depicted in Fig. 6(e) . This clearly shows that the exibility of the lm is retained even at 2 vol% BT-GO nanoparticles.
In order to get more insight into the mechanism of shielding, we took a closer look at the permeability and permittivity values. Well-established line theory proposed by Nicolson and Ross was adopted to estimate the permeability and permittivity of the blends. It is observed that the permeability in the case of Fe 3 O 4 containing blend is higher, and the permittivity is maximum in BT-GO containing blends. Hence, the enhanced shielding effectiveness is mainly due to the improved permittivity and permeability values in the blends (Fig. 7(a) and (b) ).
We also calculated the reection loss by line theory proposed by Nicolson and Ross. We observed that the blends containing BT-GO showed a minimum RL (À44.9 dB) at 15.9 GHz and the blend containing Fe 3 O 4 showed a minimum RL (À38.7 dB) at 17 GHz (Fig. 7(c) ).
It is well accepted in the literature that EM shielding efficiency is dependent on the sample thickness. We varied the thickness of the samples and observed that the shielding effectiveness increases signicantly (Fig. 7(d) ) beyond certain thickness (2 mm). Generally, the formation of a conductive mesh in the matrix intercepts the electromagnetic radiation. Now with increase in the shield thickness, the number of conductive meshes increases resulting in enhanced EMI SE.
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The SE obtained in this study is quite high especially given the concentration of the MWNTs being quite low. It is clearly evident from the literature (see Table 2 ) that higher loading of conducting llers can lead to higher attenuation of EM radiation. But it is also important to note that higher loading of conducting llers can lead to adverse effects on the structural properties of the nanocomposites and is also difficult to process. In this study, we have successfully improved the SE at a very low fraction of MWNTs via modication of ionic liquid. It is well evident that dispersion of MWNTs is the key factor to improve the EM attenuation besides the presence of ferroelectric (BT-GO) and ferromagnetic phases (Fe 3 O 4 ).
Conclusions
In this work, different MWNTs were incorporated into PVDF/ ABS blends to design materials with high EMI SE. The selective localization and dispersion of p-MWNTs were successfully tuned by the addition of ionic liquid which also helped in the improvement in bulk electrical conductivity and EMI SE. The EMI shielding in X and Ku band frequency was assessed here and the blends with 1 wt% IL modied MWNTs showed signicant improvement in SE. The EM attenuation through absorption was enhanced by incorporation of BT-GO nanoparticles along with 1 wt% IL modied MWNTs and interestingly attained 26 dB at 18 GHz frequency. Such results can be quite interesting in designing lightweight and exible materials for microwave absorption with addition of a very lower concentration of nanollers.
